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Abstract 
Recent investigations have suggested that subcellular compartmentalization of second messenger responsive nzyme systems may be 
responsible for specific patterns of cellular activation. The type II cAMP-dependent kinase (A-kinase) is localized to particular subcellular 
domains through the binding of the regulatory subunit (R u) dimer to A-kinase anchoring proteins (AKAPs). Using a [32p]RII overlay 
assay, we have investigated the presence of AKAPs throughout the gastrointestinal tract, with specific emphasis focused on the gastric 
parietal cell. All gastrointestinal tissues contained at least one detectable AKAP (60 kDa), with five AKAPs (50-140 kDa) in fundic and 
antral mucosa. Isolated gastric', glands contained four AKAPs. Two AKAPs (50 and 78 kDa) were detected in purified parietal cells, with 
the 78 kDa AKAP (AKAP78) specific to parietal cell enriched populations. Ru-binding to all of these AKAPs was abolished by 
preincubation of [32p]R n with a synthetic peptide representing the Rn-binding region of the AKAP, HT-31. AKAP78 was distributed 
throughout all membrane fractions of subfractionated parietal cells, with the largest amount of R H-binding detected in the light membrane 
fraction. Identification of A-kinase regulatory subunits by photoaffinity labeling with 8-azido-[32p]cAMP demonstrated that R u 
segregated into the same p~uietal cell subfractions as AKAP78. A majority (~ 60%) of AKAP78 was detected in the Triton 
X-100-insoluble fraction, suggesting that this protein resides in a cytoskeletal domain. AKAP78 may be involved in localizing the type II 
A-kinase to specific intracellular locations in the parietal cell. 
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1. Introduction 
The role of cAMP as a mediator of histamine-stimu- 
lated acid secretion from gastric parietal cells is well 
established [I]. The histamine-induced increase in acid 
secretion is mediated through the production of cAMP [1], 
and this response may be mimicked by both forskolin and 
cell-permeant analogues of cAMP [2]. The primary func- 
tion of the second messenger cAMP is to activate the 
cAMP-dependent protein kinase (A-kinase). Two major 
types of A-kinase exist (types ! and II), distinguished by 
dissimilar egulatory subun~ts, denoted R l and R u, respec- 
tively. Histamine stimulation of rabbit parietal cells is 
accompanied by activation ,of the cytosolic type I A-kinase 
[3], as detected by a decrease of in vitro 8-azido-[ 32 P]cAMP 
Abbreviations: A-kinase, cAMP-dependent protein kinase; AKAPs, 
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binding. However, more recently, we have shown that 
histamine stimulated the dephosphorylation of the mem- 
brane-associated R11 [4]. Additionally, if the A-kinase is 
actively phosphorylating substrates, the bulk of autophos- 
phorylated R H may be dephosphorylated within 1 min [5]. 
Thus, stimulation of R H dephosphorylation by histamine 
may be equated with the dissociation of the inactive 
holoenzyme (i.e., activation) of the type II A-kinase. En- 
hanced dephosphorylation of R H promotes reassociation 
with the catalytic subunit, formation of the holoenzyme, 
and subsequent cessation of kinase activity [6]. 
Site-specific localization of type II A-kinase occurs 
through the interaction of R u with specific Riranchoring 
proteins, referred to as A-kinase anchoring proteins 
(AKAPs) [7,8]. Subcellular compartmentalization f sec- 
ond messenger-responsive enzyme systems may be respon- 
sible for tissue specific patterns of cellular activation. 
Presumably, tissue-specific A-kinase function may be de- 
termined by AKAPs which tether the holoenzyme to par- 
ticular subcellular sites. This localization of A-kinase would 
determine which substrates were most accessible to the 
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catalytic subunit upon activation by cAMP [7,8]. Over 30 
different AKAPs ranging in size from 34-300 kDa, have 
been detected in a variety of tissues using an R n overlay 
procedure [9], but to date, no investigations have been 
focused on the gastrointestinal tract. Although the type II 
A-kinase in gastric parietal cells is predominantly mem- 
brane-associated [4], the nature of the association of R ll 
with specific intracellular membranes via AKAPs has not 
been investigated in gastric parietal cells. Therefore, the 
purpose of this study was to identify AKAPs in gastric 
parietal cells and to examine their subcellular distribution 
to understand better their possible role in the histamine- 
stimulated acid secretory response. 
2. Materials and methods 
2.1. Materials 
[7-3zp]ATP and goat anti-mouse [125I]IgG were pur- 
chased from New England Nuclear (Boston, MA). 8- 
Azido-[32p]cAMP was obtained from ICN (Irvine, CA). 
Accudenz was obtained from Accurate Scientific (West- 
bury, New York). New Zealand White rabbits (2-3 kg) 
were purchased from Shelton's Bunny Barn (Waverly 
Hall, GA). Pronase (protease E) was purchased from Sigma 
(St. Louis, MO). Collagenase (type I) was obtained either 
from Sigma (St. Louis, MO) or from Calbiochem (La 
Jolla, CA). Catalytic A-kinase subunit was purchased from 
Promega (Madison, WI). All other reagents were from 
standard suppliers and were of the highest purity available. 
2.2. Preparation of gastrointestinal tract tissue samples 
Scraped mucosal tissue samples were obtained from 
various sections of the gastrointestinal tract of a rabbit, 
minced and diluted 10-fold (vol/vol) with homogenization 
buffer (buffer A) in (raM): mannitol (113), sucrose (37), 
EDTA (0.4), Mes (5) (pH 6.7), containing benzamidine 
(5), AEBSF (0.1), 0.5 mg/ml leupeptin, 0.2 mg/ml chy- 
mostatin, 0.2 mg/ml pepstatin, 0.5 mg/ml soybean trypsin 
inhibitor, 1.4 TIU aprotinin. The tissue samples were 
homogenized in a Potter teflon-on-glass homogenizer by 
3-5 up and down strokes at 300 rpm with a Cole Panner 
Master Servodyne homogenizer (Robbins and Myers, Eden 
Prarie, MN) and subsequently centrifuged at 50 × g to 
remove any unbroken cells and nuclei. The post nuclear 
supernatants were subjected to SDS-PAGE analysis. 
2.3. Preparation of parietal cells and isolated gastric 
glands 
cells/rabbit. Trypan blue exclusion was also used in each 
stage and the isolated parietal cells demonstrated greater 
than 95% exclusion of the dye up to 6 h after preparation. 
Isolated gastric glands were prepared according to the 
procedure of Berglindh and Obrink [ 11 ]. 
2.4. Preparation of gastric mucosal, gastric gland, and 
parietal cell subcellular f actions 
Scraped rabbit fundic mucosa or isolated gastric glands 
were diluted 10-fold with buffer A, and then homogenized 
as described above for rabbit gastrointestinal tissue sam- 
pies. Isolated parietal cells were resuspended ata concen- 
tration of 10 million cells/ml of buffer A and then homog- 
enized with 20 up and down strokes as described above. 
Subfractions were obtained by subjecting the respective 
homogenates to differential centrifugation at speeds of 
50 × g (P50), 1000 X g (PI000), 10000 x g (P10K), and 
100000 ×g (P100K). The final high speed supernatant 
(S100K) was used as the cytosolic fraction. A portion of 
the supernatant following the 50 X g spin was saved as the 
post nuclear supematant (PNS). All pellets were resus- 
pended in a buffered sucrose solution (300 mM sucrose, 
0.2 mM EDTA, 5.0 mM Hepes (pH 7.4)). 
2.5. Triton X-IO0 extraction of parietal cells 
Triton X-100 extraction of isolated parietal cells was 
performed by a modification of the procedure described by 
Rubin and colleagues [15]. All steps of this procedure were 
conducted at 4C. Briefly, purified parietal cells (10 million 
cells/ml of extraction buffer) were lysed for 10 min at 4C 
in (mM) Hepes (20) (pH 7.4), containing NaCI (20), 
EDTA (5), dithiothreitol (2), EGTA (1), Benzamidine (10), 
AEBSF (0.1) 0.5 mg/mi leupeptin, 0.2 mg/ml chymo- 
statin, 0.2 mg/ml pepstatin, 0.5 mg/ml soybean trypsin 
inhibitor, 1.4 TIU aprotinin and 0.2% (w/v) Triton X-100. 
The lysed cells were homogenized in a Potter teflon-on- 
glass homogenizer by 12 up and down strokes. The ho- 
mogenate was centrifuged at 1000 × g for 10 min to 
remove any unbroken cells and nuclei. The post nuclear 
supernatant (PNS) was then centrifuged at 40 000 X g for 
15 min. The supernatant (S40k-I) was removed, and the 
40 000 × g pellet was resuspended in 5 ml of extraction 
buffer and recentrifuged at 40000 × g for 15 min. The 
supernatant following this spin was saved (S40k-II) and 
the pellet (P40k) was resuspended in 1 ml of extraction 
buffer. Protein values were determined using the Pierce 
BCA Protein Assay Kit (Pierce, Rockford, IL). 
2.6. Phosphorylation of R11 
Isolated parietal cells were prepared from rabbit fundic 
mucosa by pronase and collagenase digestion followed by 
Accudenz gradient enrichment [10]. This method yielded 
approximately 150 million 75-80% pure parietal 
32p-labeled Rn was used for the overlay procedure. 
Recombinant R n produced in BL21(DE3)pLysS bacteria 
possessing an Rn-pETI ld expression plasmid (a gift of 
Dr. John Scott, Vollum Institute) was purified by cAMP- 
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affinity chromatography. Recombinant R u was phospho- 
rylated by incubation with bovine A-kinase catalytic sub- 
unit and [ ~- 32 P]ATP as described previously [ 12]. 
2.Z Rtt overlay procedure 
Subfraction proteins from gastric mucosa, gastric glands, 
and parietal cells were resolved on 8% SDS-PAGE gels 
and transferred to nitrocellulose (0.2 /~m) overnight at 100 
mA. Blots were blocked with 5% nonfat dry milk, 0.1% 
BSA in 25 mM Tris-HCl (pH 7.5), 150 mM NaC1, 0.05% 
NaN 3 (Blotto) for 16-24 h at 4C prior to the addition of 
[32p]RII (100000 cpm/ml  Blotto, supplemented with 5 
mM benzamidine) for 4 h at room temperature. Following 
incubation, the blot was washed 5 times for 15 min each 
with the Blotto plus benzamidine, and once briefly with 
Blotto without the milk, BSA and benzamidine, air dried 
and exposed to a Phosphorimaging screen (Molecular Dy- 
namics, Sunnyvale, CA). 
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2.8. Immunoblotting 
For the detection of H/K-ATPase and ezrin, subfrac- 
tion proteins were resolved on 8% SDS-PAGE gels and 
transferred to Immobilon P (Millipore, Bedford, MA). The 
blots were blocked for 1 h at room temperature with 5% 
nonfat dry milk in 25 mM Tris-HC1 (pH 7.5), 150 mM 
NaC1, 0.05% NaN 3 (5% Blotto). The blots were then 
probed in 3% nonfat dry milk in 25 mM Tris-HC1 (pH 
7.5), 150 mM NaCl, 0.05% NaN 3, 0.05% Tween-20 (3% 
Blotto) for 2 h at room temperature with either a mono- 
clonal antibody against he a-subunit of the H/K-ATPase 
(12.18; l:1000; a gift from Dr. Adam Smolka, Medical 
University of South Carolina) or a monoclonal antibody 
against ezrin (4C4; 1:2000; a gift from Dr. John Forte, 
University of California, Berkeley). After the primary in- 
cubation, the blots were washed 3 times for 15 min each 
with 3% Blotto and then incubated with goat antimouse 
[125I]IgG (l:1000) for 1 h at room temperature. The blots 
were finally washed 3 times for 15 min each with 3% 
Blotto, rinsed once with 25 mM Tris-HCl (pH 7.5), 150 
mM NaCl, 0.05% NAN3,. air dried and exposed to a 
Phosphorimaging screen. 
2.9. Photoaffinity labeling of A-kinase regulatory subunits 
Fig. 1. Distribution ofAKAPs throughout the gastrointestinal tr ct. 50 p.g 
of each tissue post nuclear supernatant were resolved on an 8% SDS- 
PAGE gel, transferred to nitrocellulose and overlaid with [32p]R n. 
Arrowheads denote molecular weight markers in kDa. The data are 
representative of three separate experiments. 
10% SDS-PAGE gel. The gel was subsequently dried and 
exposed to a Phosphorimaging screen. 
3. Results and discussion 
3.1. Distribution of AKAPs throughout the gastrointestinal 
tract 
The presence of AKAPs was determined using [32p]RIl 
overlay of proteins resolved on electroblots of SDS-PAGE 
gels. We initially determined the distribution of AKAPs 
throughout he gastrointestinal tract. All gastointestinal 
tissue samples contained at least one AKAP (60 kDa), with 
fundic and antral mucosa containing at least 4 detectable 
AKAPs ranging in size from 50-140 kDa (Fig. 1). Five 
AKAPs were detected in the gastric fundic mucosa, with 
AKAPs 78, 120 and 140 kDa enriching in this tissue. 
Subcellular localization of A-kinase regulatory subunits 
was determined by photoaffinity labeling these subunits 
using 8-azido-[ 3z P]cAMP. Briefly, 50/zg of rabbit parietal 
cell subfractions, prepared as described above, were resus- 
pended in 50 mM Hepes (pH 7.0), 10 mM MgC1 z, 100 
/xM IBMX, and 1 /zCi/sample of 8-azido-[32P]cAMP 
(total volume 50/~1) for 3 min on ice with gentle shaking. 
The labeled samples were then subjected to UV cross- 
linking (60% of full power) for 30 s in a Statalinker 
(Stratagene, La Jolla, CA), prior to being resolved on a 
3.2. Comparison of AKAPs between different gastric com- 
partments 
To analyze in more detail the distribution of AKAPs in 
the stomach, we compared the R l:binding patterns be- 
tween post nuclear supernatants obtained from gastric 
fundic mucosal scrapings, isolated gastric glands and en- 
riched parietal cells. Isolated gastric glands are free of 
lymphoid and connective tissues that are present in the 
gastric fundic mucosal scrapings. The isolated purified 
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parietal cell fraction is enriched for the parietal cell over 
the other cell types present in the gastric gland. Five 
AKAPs were detected in the post nuclear supernatant 
fraction obtained from gastric fundic mucosa (Fig. 2, lane 
1). Isolated gastric glands contained four detectable AKAPs 
(Fig. 2, lane 2), whereas two AKAPs (50 kDa and 78 kDa) 
were detected in the parietal cell fraction (Fig. 2, lane 3), 
with the 78 kDa AKAP predominating. No AKAPs were 
detected in the post nuclear supernatant fraction obtained 
from purified chief cells (data not shown). Rn-binding to 
all these proteins was abolished by pre-incubation of 
[32 p]RH with a synthetic peptide representing the Ru-bind- 
ing region of the AKAP, HT-31 (Fig. 2, lanes 4-6).  This 
peptide has been used to block R n from binding to all 
detectable AKAPs in a variety of tissues [9]. Preincubation 
of [32p]RII with an unrelated, non-specific peptide of 
similar length to the HT-31 peptide, was unable to inhibit 
the binding of R H to the parietal cell AKAP (data not 
shown). These data suggest hat the Rn-binding proteins 
detected in the stomach share structural homology in their 
putative Rn-binding regions with other known AKAPs. 
3.3. Subcellular distribution of the parietal cell 78 kDa 
AKAP 
We focused our attention on the subcellular distribution 
of only the 78 kDa parietal cell AKAP (AKAP78), the 
predominant AKAP in parietal cells. We compared the 
subcellular distribution of AKAP78 with the distribution of 
• 
AKAP78 
RII 
RI 
H/K 
Ezrin 
Fig. 3. Subcellular distribution ofAKAP78. Isolated purified parietal cells 
were prepared, homogenized and subfractionated as described under 
Section 2.50 ~g (R n overlay), 10/xg (ezrin) or 5 ,~g (H/K-ATPase) of 
each subfraction was resolved on an 8% SDS-PAGE gel, transferred to
nitrocellulose (Rll) or Immobilon P (H/K-ATPase and ezrin) and either 
overlaid with [32p]R n or immunoblotted with a mAb to H/K-ATPase or 
ezrin. 8-azido-[32plcAMP photoaffinity labeling was performed as de- 
scribed above. AKAP78, H/K-ATPase and ezrin results are representa- 
tive of four separate xperiments. Results of photoaffinity labeling of 
A-kinase regulatory subunits are representative of two experiments. 
1 2 3 4 5 6 
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Fig. 2. Comparison of AKAPs between different gastric ompartments. 
Scraped fundic mucosa samples, isolated gastric glands and isolated 
purified parietal cells were prepared as described under Section 2. Fundic 
mucosa (lanes 1,4), isolated gastric glands (lanes 2,5), and isolated 
purified parietal cells (lanes 3,6) were homogenized and 50 ~g of each 
post nuclear supernatant were resolved on an 8% SDS-PAGE gel, trans- 
ferred to nitrocellulose and overlaid with [32p]R n as described above 
(lanes 1-3). For the HT-31 peptide competition experiment (lanes 4-6), 
[32p]R n was preincubated with 0.4 /xM of HT-31 for 5 min at room 
temperature prior to overlay. Arrowheads enote molecular weight mark- 
ers in kDa. The data are representative of three separate experiments. 
parietal cell proteins with known cellular locations. 
AKAP78 was detected throughout the particulate prepara- 
tions of subfractionated parietal cells, with the largest 
amount of Rn-binding detected in the 100000 × g pellet 
(Fig. 3). We also utilized photoaffinity labeling with 8- 
azido-[32p]cAMP to examine the subcellular localization 
of A-kinase regulatory subunits. A-kinase RII exhibits a 
similar distribution to that of AKAP78 throughout all the 
subfractions examined, while R E was slightly enriched in 
the cytosolic fraction. H/K-ATPase,  the pump responsible 
for proton extrusion into the lumen of the stomach, was 
highly enriched in the 100000 × g pellet, characteristic of
its association with the tubulovesicular membranes (Fig. 
3). AKAP78 did not segregate with the H/K -ATPase  
following discontinuous ucrose gradient fractionation of 
the 100000 x g pellet (data not shown). Therefore, 
AKAP78 does not reside in the tubulovesicular membrane 
population. 
Ezrin, an actin-binding protein localized to the canalicu- 
lar membrane of gastric parietal cells [13], exhibited im- 
munoreactivity throughout all the subfractions obtained 
(Fig. 3). The relative distribution of the parietal cell mark- 
ers examined in Fig. 3 were calculated by utilizing densito- 
metric analysis of the resulting phosphorimages. Fig. 4 
illustrates the relative distributions of AKAP78, A-kinase 
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Fig. 4. Relative distribution of AKAP78 vs. the distribution of A-kinase 
regulatory subunits, H/K-ATPase and ezrin. The data for AKAP78, 
H/K-ATPase and ezrin represents he averages + S.E. of four separate 
experiments. The data for A-kinase regulatory subunits represents the 
averages + range for two experiments. 
regulatory subunits, H/K-ATPase and ezrin throughout 
the subfractions obtained from homogenized parietal cells. 
H/K-ATPase was highly enriched in the light membrane 
fraction with ~ 60% being localized to the 100000 × g 
pellet. The distribution of AKAP78 most closely resembles 
the distribution of ezrin. Since AKAPs generally do not 
have membrane spanning domains, AKAP78, like ezrin, 
may be associated with the apically orientated canalicular 
membrane via the cytoskeleton. 
3.4. Cytoskeletal association of AKAP78 
The AKAP, microtubule-associated protein-2 (MAP-2), 
is associated with the neuronal microtubular cytoskeleton 
Fig. 5. Triton X-100 extraction of parietal cells. Solubilization of isolated 
purified parietal cells with Triton X-100 and sample preparation were 
performed as described under Section 2. 50 /.~g of protein from each 
subfraction were resolved on an 8% SDS-PAGE gel, transferred to 
nitrocellulose and overlaid with [ 32 p]Ril. PNS, post nuclear supernatant; 
S40k-I, supernatant following the first 40000× g spin; S40k-II, super- 
natant following the second 40000x g spin. The data are representative 
of two separate xperiments. 
[14]. Additionally, AKAP75 contains two short, non-con- 
tiguous 'targeting domains' which are responsible for lo- 
calizing this AKAP to the cytoskeleton and/or intra- 
cellular domain [15]. We took a similar approach to that 
conducted by Rubin and colleagues to determine if 
AKAP78 is associated with the cytoskeleton. Triton X-100 
extraction of parietal cells and subsequent differential cen- 
trifugation demonstrated that the majority (60%) of 
AKAP78 was detected in the detergent insoluble fraction 
(Fig. 5, P40k). Further extraction of the triton-insoluble 
pellet did not release significant amounts of AKAP78 (Fig. 
5, S40k-II). These data suggest that like MAP-2 and 
AKAP75, AKAP78 may be associated with the cyto- 
skeleton. 
In the future, AKAPs may be classified according to 
their subcellular distributions and cellular components to 
which they bind. Cosegregation of the AKAPs with the 
type II A-kinase regulatory subunits (as detected by photo- 
affinity labeling and RII overlay methods) suggest that the 
type II A-kinase regulatory subunits may be anchored to 
Fig. 6. AKAP78-mediated anchoring of type II A-kinase and a protein phosphatase to the parietal cell cytoskeleton. 
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the AKAP throughout the parietal cell. Previous tudies in 
the brain have indicated that the parietal cell type I1 
A-kinase is tightly sequestered on the microtubular cyto- 
skeleton by its association with MAP-2 [16]. We can not 
rule out the possibility that some of the type II A-kinase 
regulatory subunits are not continuously anchored to the 
AKAPs. 
We previously have demonstrated that stimulation of 
parietal cells through elevation of cAMP, elicits dephos- 
phorylation of membrane-associated RII [4]. The data from 
that study indicate that a membrane-bound kinase-phos- 
phatase system is present in gastric parietal cell mem- 
branes. The rapid dephosphorylation f RII suggests that 
the type II A-kinase may be closely associated with a 
phosphoprotein phosphatase. It is attractive to hypothesize 
that a parietal cell AKAP participates in the dephospho- 
rylation of R~, thereby facilitating the reassociation of the 
A-kinase catalytic subunits with the R~l dimer. Fig. 6 
illustrates a hypothetical depiction of the association of 
AKAP78 with the cytoskeleton i the parietal cell, as well 
as its potential association with a protein phosphatase. 
Indeed, AKAP79 is associated with protein phosphatase 2b 
in the brain [17]. Additionally, histamine licits the phos- 
phorylation of several particular proteins including the 
canalicular-associated, actin-binding protein, ezrin [ 18-20]. 
Subcellular localization of A-kinase in association with its 
substrates may lead to coordinated phosphorylation events 
in the parietal cell following histamine stimulation. 
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